Two high-purity aluminium alloys based on composition Al-3.0Mg-1.0Cu (wt%), one with added 0.4 wt% Ag, were compared up to 11 days aging at 170 C by means of hardness measurements and transmission electron microscopy. The base alloy exhibits an inhomogeneous precipitate microstructure with a high density of fine needle-shaped Guinier-Preston-Bagaryatsky (GPB) zones together with coarser precipitates of S'-Al2CuMg and rods of the structurally unknown Z-phase. The S' phase is preferably formed on dislocations. The addition of Ag causes a strong effect, leading to a homogeneous precipitate microstructure with fine Ag-containing icosahedral quasicrystalline precipitates (iQC). Both the GPB zones in the base alloy and the iQC phase in the Ag added alloy survive even after long term agin. Ag is found to suppress the formation of the S' phase. It is suggested that the iQC particles are structurally related to the Z phase as well as to the T-Mg32(Al, Cu, Ag)49 phase.
INTRODUCTION
Numerous publications exist concerning aging of the high strength Al-Cu-Mg alloys (see for example [9] ). However, the medium strength Al-Mg-Cu alloys which are in focus here, are much less investigated although well suitable for commercially important applications such as body sheets for automobiles.. The high Mg/Cu ratio alloys lie in the α+S+T phase field of the equilibrium phase diagram. The agehardening characteristics in the temperature range of 423-473 K is very similar to those of the lower Mg/Cu ratio alloys in the α+S phase field [10] [11] . However, since the higher amount of Mg does not contribute to higher strength, commercialization of the alloys has been limited. According to classical studies [1] [2] the precipitation of sequence is as follows; : α (SSSS) → Cu/Mg nano-clusters → GPB zones (S") → S' → S (1)
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Mg Al Ag by similar internal atomic clusters (Bergmann clusters) [28] [29] . In the present work we investigate two Al-Mg-Cu-(Ag) alloys. The alloys are prepared by high-purity materials in order to clarify the effects of the small addition of Ag on the age-hardening behavior and microstructures. .
EXPERIMENTAL
The chemical compositions of the alloys utilized in this work are listed in Table 1 .
Samples were solution treated in a salt bath at 793 K and kept for 3. Micro-Vickers hardness was measured with a load of 500 g for 15 s using a Mitsutoyo HM-102 micro-hardness tester. A value is based on a series of seven indentations. The maximum and minimum values were discarded and the average of the remaining five was used.
Specimens for transmission electron microscopy (TEM) were prepared by electropolishing with a Tenupol 5 machine (Struers). The electrolyte consisted of 1/3 HNO3 in methanol and the solution was kept at a temperature between 238 and 253 K. The precipitate microstructure was initially investigated by a conventional TEM in the bright-field mode using a Philips CM30 operated at 150 kV. The selected area (SA) diffraction patterns were from the interior of grains. Precipitate structures were investigated by high-resolution HAADF-STEM using a spherical aberration (Cs) 6 probe-corrected JEOL ARM 200F STEM operated at 200 kV. In order to reduce contamination all specimens were treated for a few minutes in a plasma cleaner (Fischinone 1020) before HAADF-STEM observations. To enhance contrast, high frequency noise of the HAADF-STEM images were removed by the fast Fourier transform (FFT) filtering using a circular band pass mask.
RESULTS AND DISCUSSION
3.1 Hardness evolution during aging at 443K Fig. 1 shows the hardness results during aging at 443 K for the investigated alloys. In both alloys, a marked increase in hardness occurs in a short period during an initial stage then the hardness remains fairly constant for a long time, the plateau stage. The first stage is very short ( in a few minutes) and contributes to improve hardness more than half of the total hardening in both alloys. The overall hardness of the Ag-added alloy is consistently higher than that of the Base alloy (a difference up to ~25 HV).
Also, the plateau stage is shortened in the Ag-added alloy. The two alloys reach their maximum hardness after similar ageing time, 100 h. The addition of Ag somehow accelerates the precipitation kinetics of the base Al-Mg-Cu alloy, indicating the formation of a different and more effective hardening phase. In order to clarify the microstructure of precipitates TEM observation was performed.
3. Fig. 2(a) . In a similar alloy, Kovarik [30] showed that the weak spots defining small squares between Al reflections In addition to particles of the S' phase, square cross sections appeared in Fig. 2 
(c)-(iii).
The cross section belongs to a much coarser rod-like phase in the <001>Al orientation (Fig. 7) . In the orientation along the rods we find a square cell and diffraction pattern 
Precipitates in the Ag-added alloy
In the Ag-added alloy, uniformly distributed fine precipitates were detected in the BF images from the shortest heat-treatment condition, see The absence in the SAD of Fig. 3 of the crosses observed in the SAD in Fig. 2(c) shows the S' phase must be relatively sparse in the Ag-added alloy. S' particles were found to take the same orientation relationship as in the base alloy, but S' particles in Ag-added alloy have more roundish cross-sections. The amount was not quantified.
One example of the S' particle in Ag-added alloy is given in Fig. 10 . Compared with the base alloy (Fig. 6) , it is obvious that the interface only occasionally coincides with A question is why the Ag containing precipitates do not give rise to additional diffraction spots in the SAD patterns after aging for 10.8 ks [ Fig. 3(a) ]. Small size and roundish shape in combination with a disordered or quasi-crystalline structure will tend to spread the intensity, which would be part of the explanation. Additionally, Fig. 4 shows that the majority of the precipitates in this condition are on the order of one unit cell. This means that they are on the cluster-stage, presumably containing just one or a few of the Bergmann atomic clusters common for the T-phase and the iQC. Lack of periodicity will prevent normal diffraction spots. We suggest that this is the reason for the similarity of the diffraction spots in two alloys aged for 10.8 ks. These clusters are likely to be building blocks of the Z-phase as well. The unit cell of T-Mg32(Al,Zn)49 contains 162 atoms, in two Bergmann clusters, which can be viewed as constructed by several atomic shells [16, 29] . The structure of the Z-phase is not known. Z phase is not an isomorph of the T-phase [23] but still have close structural relation. The intensity distribution along the <111>Z direction suggests that the diffraction patterns in Fig. 8 bear the mark of icosahedral symmetry. For example the intensity is high for the first, third, and fifth spots. These are the Fibonacci indices, closely connected with the geometry of the icosahedron, with the icosahedral quasicrystals and with their approximation phases. It is therefore a strong indication that Z is an approximation phase for the iQC phase [34] [35] . The larger size of the Z-phase could indicate that an 14 extra shell has been added to the Bergmann type cluster of the T-phase, as is not uncommon for approximation phases [34] [35] . The formation mechanism of the Z phase and the structural correlation between the T phase and the Z phase remain to be fully understood.
CONCLUSIONS
(1) The Base alloy initially was hardened by a high density of GPB/ GPB-II zones . S' laths were predominantly formed on dislocations. Longer ageing led to combinations of GPB zones (which may be described as assemblies of Mg3Cu3Al2 column groups along directions) and S' precipitates. A third phase consisting of large rods extending along , having square cross-sections were determined to be the cubic Z-phase, with cell 15 which the unit cell is parallel with Al. The GPB zones survived for long heat-treatment times.
(2) By the addition of 0.4 wt% Ag to an Al -3 wt% Mg -1 wt% Cu alloy, the hardness was consistently higher with a peak hardness increase from ~ 92 HV to ~118 HV and the precipitate microstructure was much more homogeneous. between Al matrix and S' phase is the same as for the base alloy (c.f. Fig. 6 ).
